A 1, 3, 5, 7, 3, 6, chloride platinumĲII) complex (1) was obtained via the metal-mediated double coupling of 2,3-diphenylmaleimidine with both nitrile ligands in trans-
Introduction
Halogen bonding 1 (XB) is one of the most actively studied types of weak interactions [2] [3] [4] insofar as along with hydrogen bonding, metallophilic interactions, and π-stacking, XB is efficiently used as a tool in crystal engineering and in supramolecular organization. 2, 3, 5 Recent applications of XB include stabilization of explosives 6 and synthesis of systems with tunable photophysical properties. 7 XBs also play important roles in organocatalysis 8 and in the metabolism of biologically active halogen-containing compounds. 9 In many reports devoted to XB, iodine-based bifunctional XB donors such as 1,2-and 1,4-diiodoperfluorobenzenes were employed because of their availability, large σ-holes, and high solubility in most common organic solvents. 2, 10 However, more and more attention is now paid to halomethanes, which can also behave as polyfunctional XB donors. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Concurrently, halide complexes of d-metals can be employed as XB acceptors and their combination with halomethanes leads to supramolecular clusters, chains, and 3D networks. 17, 18, [20] [21] [22] The halomethanes CBr 4 , [11] [12] [13] [18] [19] [20] CHI 3 , 14, 15, 17, 23 CHBr 3 , 11, 12, 20 and CFBr 3 12,19 are the most commonly used among other halomethanes in the formation of XBs with uncomplexed halides and polyhalometalate anions. Our recent works indicated that even weak XB donors such as CHCl 3 , CH 2 Cl 2 , and CH 2 Br 2 ( Fig. 1 ) are still able to form supramolecular clusters with chloride anions and chloride ligands in metal complexes held by XBs and HBs 16, 21, 22 or by simultaneous XB and HB. 16, 21, 22 In contrast to a rather broad application of halomethanes in crystal engineering, diiodomethane (CH 2 I 2 ) -despite its relatively large σ-holes ( Fig. 1 ; positive potential is up to 23.1 kcal mol −1 on the 0.001 a.u. molecular surface) -was poorly studied [25] [26] [27] [28] as an XB donor. Nassimbeni et al. reported a series of halomethane solvates of tetrakisĲ4-bromophenyl)-and tetrakis(4-iodophenyl)ethylenes, where diiodomethane forms H 2 C(I)-I⋯Br-C and H 2 C(I)-I⋯I-C contacts assigned 25 to XB af- We also verified by theoretical calculations overlooked XBs associated with CH 2 I 2 in the structure of VEMWOA (2.4-2.8 kcal mol −1 ). All these results are consistently disclosed in the sections that follow.
Experimental

X-ray structure determination
A suitable crystal of 1·½CH 2 I 2 was studied using an Agilent Technologies Supernova Atlas diffractometer (monochromated MoKα radiation, λ = 0.71073 Å). The temperature was kept at 100 K. The structure has been solved by direct methods and refined by means of the SHELXL-97 31 program incorporated in the OLEX2 program package 32 using Least
Squares minimization. The carbon-bound H atoms were placed in calculated positions and were included in the refinement in the 'riding' model approximation with U iso ĲH) set to 1.5U eq ĲC) and C-H = 0.96 Å for the CH 3 groups, U iso ĲH) set to 1.2U eq ĲC) and C-H = 0.93 Å for the CH groups, and U iso ĲH) set to 1.2U eq ĲN) and N-H = 0.86 Å for the NH groups. Empirical absorption correction was applied in the CrysAlisPro 33 program complex using spherical harmonics, implemented in the SCALE3 ABSPACK scaling algorithm.
The crystallographic details are summarized in ESI † Table  S2 .
Computational details
Single point calculations based on the experimental X-ray geometry (quasi-solid-state approach) have been carried out at the DFT level of theory using the M06 functional 34 (this functional was specifically developed to describe weak dispersion forces and non-covalent interactions) with the help of the Gaussian-09 35 Tables S3 and S4 (ESI †) .
Results and discussion
General approach for verification of XB between organic and metal halides
Two types of short halogen⋯halogen contacts are commonly discussed in the literature (Fig. 3) . Type I is a packing-induced contact (which is actually not an XB, see ref. 48) , whereas type II is due to a classic XB because a halogen atom with a 90°angle provides its lone pair for interaction and the other one provides its σ-hole (or, in other words, an area of electropositive potential). According to the IUPAC definition, 1 XB is the real R-X⋯Y (X = halogen) contact, when, firstly, the interatomic distance between X and an appropriate Lewis base (Y = F, O, N, Cl, etc.) is less than the sum of their vdW radii and, secondly, the R-X⋯Y angle is close to 180°; exceptions from the linearity have been reviewed by Rissanen.
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It is not surprising that metal halide species -when they are non-covalently linked to organic R-X halogen bond donors -exhibit certain deviations from linearity of the R-X⋯X-[M] fragment. Fig. 4 schematically illustrates the difference in ESPs between organic-and metal-bound halides.
In contrast to conventional organic XB donors, R-X, the ESP of the complexed halides, as, e.g., calculated by Brammer and co-workers, 50 is negative at both electron belt areas and also at the so-called σ-hole. This σ-hole is only nominal and its formulation has only relative, but not absolute sense. As an additional illustration ( Fig. 5) , we calculated the ESPs V S Ĳr)
on the molecular vdW surfaces of CH 3 I and cis-[PtI 2 ĲNH 3 ) 2 ] taken as model systems (optimization in the gaseous phase at the M06/6-311++G** level of theory, quasi-relativistic Stuttgart pseudopotentials and appropriate contracted basis sets MWB60 and MWB46 were used on the platinum and iodine atoms, respectively). It is clear that the organic halide has an expressed negative electron belt and deep positive σ-hole. In contrast, the ESP of the platinum-bound iodides is entirely negative, whereas the σ-hole is "positive" only relatively to the electron belt area rather than in its absolute value. Fig. 3 (bottom) illustrates the R-X⋯X-[M] bonding with particular emphasis on the possibility of deviation from linearity due to the flotation of X-[M] shown in Fig. 3 by the semitransparent species. Hence, the linearity of the R-X⋯X-[M] angle is not a univocal criterion for verification of the attractive XB interaction.
All these considerations point out to the need of certain theoretical calculations for reliable identification of noncovalent R-X⋯X-[M] interactions. In this work, we follow this approach for verification of XBs, viz. we applied the vdW IUPAC criterion for identification of possible halogen⋯halogen interactions, whereupon we conducted theoretical calculations irrespectively of the applicability of the angle IUPAC criterion. Table S2 (ESI †); the plots for the structure and selected bond lengths can be found in Fig. 6 Two crystallographically independent molecules of 1 are almost the same (Table 1) This difference can be explained by more effective electron density redistribution caused by XB than that caused by HB (Fig. 7) . The same elongation on the Pt-Cl bonds was found in the previously reported trans-[PtCl 2 ĲNCNR 2 ) 2 ] complexes linked with iodoform as an XB donor via C-I⋯Cl-Pt XBs. 17 Halogen bond in the structure of VEMWOA Although until now no XBs between diiodomethane and metal halide complexes have been reported, our inspection of the CCDC database verified the H 2 C(I)-I⋯I-Pt XBs in the structure of VEMWOA, 53 which represents the platinumĲII) associate [PtI 2 {S,S-P _(Ph) 2 CHĲMe)CH 2 CHĲMe)P _Ph 2 }]·⅓MeCN ·⅓CH 2 I 2 (2·⅓MeCN·⅓CH 2 I 2 ) (Fig. 8) .
In the corresponding work, 53 it was pointed out that no anomalous van der Waals contacts were observed in 2·⅓MeCN ·⅓CH 2 I 2 . By contrast, our inspection of this structure allows 42 In 2, the surface maxima with the negative absolute value of V S Ĳr) max (−18 kcal mol −1 ) corresponding to "nominal σ-holes" (see above) were found on the iodine ligands (Fig. 10) . The value of the I⋯I-Pt angle is acceptable for treatment of the iodide ligand as the nucleophilic partner in the non-covalent interaction. Taking into account the σ-hole on the diiodomethane I atom (Fig. 10, 23 .1 kcal mol −1 ), the C-I⋯I-Pt contact also belongs to XB in agreement with the IUPAC definition.
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Theoretical consideration of XB in the diiodomethane solvates
The H 2 C(I)-I⋯Cl-Pt XB and I 2 C(H)-H⋯Cl-Pt HB were found in the crystal structure of 1·½CH 2 I 2 through the single-crystal XRD experiment. As always in such cases, in addition to the structural analysis, a detailed computational study directed toward understanding the nature of these non-covalent interactions is desirable. This study is particularly important when metal-bound halides are involved in XB (see above). In order to confirm or deny the hypothesis on the existence of these weak contacts in the solid state and to quantify their energies from a theoretical viewpoint, we carried out DFT calculations and performed topological analysis of the Fig. 7 The XB effect on the Pt-Cl bond length. Fig. 8 Graphical representation of the complex in 2·⅓MeCN·⅓CH 2 I 2 . electron density distribution within the formalism of Bader's theory (QTAIM method) 54 for the (1) 2 ·(CH 2 I 2 ) heterotrimeric cluster as a model system (Table 2) . This approach has already been successfully used by our group in studies of different non-covalent interactions (e.g., hydrogen, halogen and chalcogen bonding, metallophilic interactions, stacking) and properties of coordination bonds in various transition metal complexes. 17, 22, [55] [56] [57] [58] [59] [60] [61] The contour line diagrams of the Laplacian distribution ∇ 2 ρ(r), bond paths, and selected zeroflux surfaces for intermolecular H⋯Cl HBs and I⋯Cl XBs are shown in Fig. 11 . To visualize the studied non-covalent interactions, reduced density gradient (RDG) analysis 62 was carried out, and RDG isosurfaces were plotted (Fig. 11) . The same procedure was performed for cluster (2) 2 ·(CH 2 I 2 ) from VEMWOA to study the intermolecular XBs in this system (Table S1 , Fig. S2 †) .
The QTAIM analysis demonstrates the presence of appropriate bond critical points (BCPs; 3, −1) for the intermolecular H⋯Cl HBs and I⋯Cl XBs in (1) 2 ·(CH 2 I 2 ) and the I⋯I XBs in (2) 2 ·(CH 2 I 2 ). The low magnitude of the electron density (0.011-0.013 Hartrees), positive values of the Laplacian (0.037-0.041 Hartrees), and close-to-zero positive energy density (0.001 Hartrees) in these BCPs are typical for both HB and XB. 17, 22, 65, 66 We have defined energies for these contacts according to the procedures proposed by Espinosa et al. 63 and
Vener et al. 64 (Tables 2 and S1 †) and one can state that the strength of these non-covalent interactions (2.2-2.8 kcal mol −1 ) is comparable with those of weak hydrogen bonds following the classification of Jeffrey ("strong": 40-15 kcal mol −1 , "moderate": 15-4 kcal mol −1 , "weak": <4 kcal mol −1 ). 67 The balance between the Lagrangian kinetic energy G(r) and potential energy density VĲr) at the BCPs (3, −1) reveals the nature of these interactions. If the ratio −G(r)/VĲr) > 1 is satisfied, then the nature of the appropriate interaction is purely non-covalent, whereas in the case of −G(r)/VĲr) < 1, some covalent component takes place. 68 Based on this criterion, we came to the conclusion that the covalent contribution is absent for intermolecular H⋯Cl HBs and I⋯Cl XBs in (1) Table 2 Values of the density of all electrons -ρ(r), Laplacian of electron density -∇ 2 ρ(r), energy density -H b , potential energy density -VĲr), and Lagrangian kinetic energy -G(r) (Hartree) at the bond critical points (3, −1), corresponding to intermolecular H⋯Cl HBs and I⋯Cl XBs in (1) 2 ·(CH 2 I 2 ), bond lengths -l (Å), as well as energies for these contacts E int (kcal mol approach gives underestimated values of interaction energies for electrostatically favored HB and XB interactions.
Hirshfeld surface analysis of the crystal structures of 1·½CH 2 I 2 and VEMWOA
The molecular Hirshfeld surface represents an area where molecules come into contact and its analysis gives the possibility of an additional insight into the nature of intermolecular interactions in the crystal state. For visualization, we have used a mapping of the normalized contact distance (d norm ); its negative value enables identification of molecular regions of substantial importance for detection of short contacts. Fig. 12A depicts the Hirshfeld surface of the CH 2 I 2 molecule in the solvate (1) 2 ·(CH 2 I 2 ). In the Hirshfeld surface of CH 2 I 2 , the regions of intermolecular H⋯Cl and I⋯Cl contacts, visualized by large red circle areas, are seen near the hydrogen and iodine atoms, respectively. The following intermolecular contacts give the largest contributions to the Hirshfeld surface of CH 2 I 2 in the solvate (1) 2 ·(CH 2 I 2 ): I-H 66.9%, H-H 22.5%, Cl-H 3.4%, I-Cl 3.3%, H-C 2.2%; contributions of other intermolecular contacts are less than 1%. Fig. 12B depicts the Hirshfeld surface of the CH 2 I 2 molecule in VEMWOA. In the Hirshfeld surface of CH 2 I 2 , the regions of intermolecular I⋯I contacts, visualized by large red circle areas, are seen near the iodine atoms. The following intermolecular contacts give the largest contributions to the Hirshfeld surface of CH 2 I 2 : H-I 54.1%, H-H 20.8%, I-I 9.1%, C-H 7.9%, C-I 6.4%; contributions of other intermolecular contacts are less than 1%.
The Hirshfeld surface fingerprint plots ( Fig. S2 and S3 †) were generated using d i (distance from the surface to the nearest atom in the molecule itself) and d e (distance from the surface to the nearest atom in another molecule) as a pair of coordinates for each individual surface spot resulting in two-dimensional histograms. A color gradient in the plots ranging from blue to red represents the proportional contribution of contact pairs in the global surface.
Thus, the Hirshfeld surface analyses of 1·½CH 2 I 2 and VEMWOA confirm that in the crystalline state CH 2 I 2 behaves as an XB and HB donor.
Concluding remarks
In this work, we used multidisciplinary combined and complementary experimental and theoretical approaches that allow bypassing certain limitations of the XRD method in the studies of halogen bond systems. In particular, we succeeded in overcoming difficulties associated with the deviation from linearity of R-X⋯X-[M] linkage insofar as this deviation complicates the experimental identification of XBs in organic halide⋯metal-bound halide systems.
We found that a weak XB donor such as diiodomethane can still form a halogen bond with metal-bound halides and CH 2 I 2 can serve as either an XB or a mixed XB/HB donor. All these non-covalent interactions in 1·½CH 2 I 2 and VEMWOA were confirmed by Hirshfeld surface analysis, and their nature was investigated by DFT calculations and topological analysis of the electron density distribution within the formalism of Bader's theory (QTAIM method). The evaluated energies of the HBs (2.2 kcal mol −1 ) and XBs (2.4-2.8 kcal mol −1 ) again indicate their non-covalent character.
The results reported in this work can be used as a starting point for further studies of XBs in dihalomethane solutions, where they may be sufficiently strong to contribute, along with HBs, to the overall solvation. It is expected that all these findings can find an application in crystal engineering because they expand the arsenal of supramolecular organizations which may be useful for solvent storage 69 or separation 70 and also in physical chemistry as they contribute to the understanding of solvation with halomethanes. We hope that our results open up an avenue to the generation of other diiodomethane associates and studies in this direction are underway in our group. 
